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Introduction

Identification of RIAM as a Rap1-Interacting Protein
The small GTPase Rap1 (Krev-1), a member of the Ras To search for Rap1-interacting molecules in T cells, we superfamily, was identified by its ability to revert K-Rasused the constitutively GTP bound mutant Rap1E63 (Kiinduced transformation (Kitayama et al., 1989) . Recent tayama et al., 1990) as a bait to screen a Jurkat cDNA data indicate that Rap1 does not simply antagonize Ras library using yeast two-hybrid system. We isolated sevfunction. In mammalian cells, Rap1 plays a role in cell eral clones encoding for RGL2, a known interactor of adhesion and spreading. Fibroblasts deficient for C3G, Rap1 (Peterson et al., 1996) , along with clones encoding a Rap1-GEF, display impaired adhesion and accelerated partial cDNAs with homology to mouse PRP48 (AF020313). migration, phenotypes that can be reversed by overex-We named this protein RIAM for Rap1-GTP-interacting pression of the Rap1-GEFs CalDAG-GEFI or Epac (Ohba adaptor molecule (AY152730). Later, sequences encoding et al., 2001). Similarly, a dominant-negative form of C3G for this protein were deposited (NM_019043). RIAM also blocked HGF-induced Rap1 activation and adhesion has homology to a human clone (LOC54518) that is iden- (Sakkab et al., 2000) , as did overexpression of the Rap1tical to RIAM residues 1-261 except for its last 27 amino GAP Spa1 (Tsukamoto et al., 1999) . In lymphoid cells, acids (aa), suggesting that it is a splice variant of RIAM. The open reading frame of RIAM is 1998 bp and encodes a protein of 665 aa. The human RIAM gene locus is *Correspondence: vassiliki_boussiotis@dfci.harvard.edu Sequence analysis indicated that RIAM contains a RA (RalGDS/AF-6 or Ras-association) domain, a PH (pleckstrin homology) domain, and two proline-rich regions. Two putative coiled-coil regions are present at the N terminus (aa 62-89 and aa 149-181) ( Figure 1C) .
RIAM Belongs to the MRL Family of Adaptor Molecules
Database searches revealed that RIAM has similarities with Grb7, Grb10, and Grb14 adaptor molecules. The protein with highest homology to RIAM is Lamellipodin (Lpd) (KIAA1681, AY494951) and Lpd-S (ALS2CR9, BAB69020), characterized in the accompanying article by Krause et al. (2004 [this issue of Developmental Cell] ). Furthermore, RIAM is related to proteins CG11940 (AAF49029) in D. melanogaster and Mig-10 (P34400) in C. elegans ( Figure 1C) .
Comparison of the domain structure of these proteins indicated that they comprise two distinct families ( Figure  1C Figure 1D) , the RA and PH domains (data not shown), confirmed that Grb7-and RIAM-related proteins are separated into two distinct families. We propose to name the family of RIAM-related adaptor molecules the MRL (Mig-10/RIAM/Lpd) family. Figure 2A ), suggesting that RIAM preferentially inter-on chromosome 10p12.1. Northern blot analysis showed that RIAM, like Rap1, is expressed broadly ( Figure 1A) .
acted with Rap1-GTP compared to Ras-GTP. Since Rap1 and Ras share identical effector domains, se-Two transcripts of 5.4 and 2.8 Kb were detected in immune tissues. In nonimmune tissues, the larger tran-quences outside the Rap1 effector domain may contribute to the preferential binding of RIAM with Rap1. When script predominated. We raised rabbit polyclonal antibodies against the C and N termini of RIAM that RIAM was cotransformed with RalA, RalB, Rho, Cdc42, and Rac, interaction was not detected (data not shown, recognized a 110 kDa band in Western blots of various cell types ( Figure 1B) . In vitro translation of full-length see accompanying article by Krause et al. [2004] ). The RIAM/Rap1 interaction was tested by in vitro pro-RIAM cDNA produced a protein of 110 kDa ( Figure 2B) , confirming that the protein recognized by our antibody tein association assay ( Figure 2B ). GST-Rap1WT, GST-Rap1E63, and GST coupled to glutahione-sepharose is RIAM. 
shown). Thus in vivo, RIAM preferentially interacts with Rap1-GTP as compared to Ras-GTP. Interaction interact with Profilin and EVH1 domain-containing proteins. In addition, RIAM contains binding motifs for SH3 of RIAM with Rap1-GTP was also detected upon physiological stimulation. Jurkat T cells transfected with HA-and WW domain-containing proteins (Holt and Koffer, 2001). RIAM were stimulated with anti-CD3 mAb (Figure 2D). Rap1 activation was monitored by pull-down assay with
Using the yeast two-hybrids, we detected a strong interaction between RIAM and Profilin of similar intensity GST-RalGDS-RBD followed by Western blot with Rap1 antiserum (Reedquist and Bos, 1998) . Immunoprecipita-to that between RIAM and active Rap1 ( Figure 3B ). We also detected interaction between RIAM and VASP by tions with anti-HA antibody followed by Rap1 immunoblot indicated that RIAM interacted with endogenous in vitro association assay. GST and GST-fusion proteins of VASP or VASP mutant (VASP⌬) in which the Profilin Rap1 after formation of Rap1-GTP ( Figure 2D ). Thus, RIAM interacts only with Rap1-GTP, suggesting that it binding region of VASP (Gertler et al., 1996) was eliminated were coupled to glutathione-sepharose and incu-is a Rap1-effector.
To determine the region of RIAM that associates with bated with [ 35 S]methionine-labeled RIAM or Luciferase, as control. Both VASP and VASP⌬ bound to RIAM (Fig-Rap1 , we generated truncation mutants and assayed them for interaction with Rap1 by yeast two-hybrid (Sup-ure 3C), indicating that RIAM interacts directly with VASP. plemental Figure S2 ). Only RIAM fragments containing Figure 5D ). This adhesion was comparable to that induced by Rap1E63 and was to Rap1E63-transfected cells. Surprisingly, Lpd-transfected cells showed no increase in adhesion but rather increased by PMA. Addition of LFA-1 blocking mAb confirmed that increased adhesion was mediated by LFA-1 had a small but reproducible decrease in adhesion compared to controls ( Figure 5G ). ( Figure 5E ). As with ␤1 integrins, RIAM exhibited a tendency to promote active conformation of LFA-1 as determined by using KIM127 antibody that specifically RIAM Knockdown Reverts Rap1-Induced Cell Adhesion binds to ␤2 integrins in their active conformation (Figure 5F) . Krause et al., 2000) .
adhesion, RIAM-, Rap1E63-, and vector-transfected Jur-and both interact with Ena/VASP proteins. Therefore, we compared the adhesive properties of HEK293 cells over-kat cells were seeded in ICAM-1-coated plates. RIAMtransfected cells displayed 3-to 4-fold increase of adhe-expressing RIAM or Lpd. RIAM-transfected cells had increased adhesion on fibronectin to levels comparable sion as compared to controls (
The ability of RIAM to bind Rap1-GTP, to induce integrin activation, and to increase adhesion prompted us to To test whether RIAM-induced adhesion requires Ena/ VASP proteins, we transfected the Jurkat cell line stably determine whether RIAM is a downstream effector of Rap1. Rap1E63 Jurkat cell line was stably transfected with overexpressing RIAM with proline-rich repeats of ActA to block interaction between Ena/VASP and proteins a vector containing specific RIAM shRNA sequences (this line is named Rap1E63-RIAM-KD) or with shRNA vector containing EVH1 binding motifs (
RIAM-induced adhesion was unchanged (data not shown), control (this line is named Rap1E63-control-KD). Rap1E63-RIAM-KD cells had 80% reduction in RIAM protein com-suggesting that RIAM binding of Ena/VASP proteins is not required for RIAM-induced adhesion.
pared with controls as determined by Western blot (Figure 6A) . Rap1E63-RIAM-KD, Rap1E63-control-KD, and RIAM and its homolog Lpd have RA and PH domains Figure 5 was also included. Compared to kat cells were seeded on anti-CD3-coated slides, fixed, and probed with GST-RalGDS-RBD. In Rap1E63-con-Rap1E63, Rap1E63-RIAM-KD cells displayed reduced adhesion on fibronectin to levels similar to vector-trans-trol-KD cells (Figure 6D, panels a-c) , Rap1-GTP was localized in the perinuclear region and at the plasma fected Jurkat cells ( Figure 6B) C., A.A.F.L.v.P., M.K., A.B.,  and V.A.B., unpublished data) . Thus, in certain cell types, Rap1 may mediate increase in adhesion by regulating observations suggest that the ability of RIAM to mediate
